Complementary DNA was transcribed from turnip yellow mosaic virus RNA, using the method of Taylor et al.
INTRODUCTION
As shown by Taylor et al. (l) ,DNase digests of calf-thymus DNA contain oligonucleotides that will function as primers for the efficient transcription of many RNAs into complementary DNA (cDNA) by the reverse transcriptase from oncornaviruses. The DNA transcripts so obtained are valuable as probes for molecular hybridization studies.
We have used calf-thymus DNA hydrolysates to prime the transcription of turnip yellow mosaic virus (TYMV) RNA by the reverse transcriptase of avian myeloblastosis virus (AMV).' The cDNA thus obtained has been characterized and used as a probe to test the sequence homology between TYMV-RNA and the RNAs of two viruses belonging to the tymovirus group, i.e. Andean potato latent virus (APLV) and eggplant mosaic virus (EMV).
MATERIALS AND METHODS Plants, Viruses and viral RNAs
TYMV was increased in Chinese cabbage Brassica chinensis L. var. "Pe-Tsai" while APLV and EMV were multiplied in Datura stramonium L. Inoculated plants were grown in a greenhouse, and systemically infected leaves were used as a source of virus. All three viruses were purified from fresh leaves according to Matthews(2) . Viral RNAs were prepared by treatment of freshly purified virus with phenol, SDS and tri-isopropyl naphtalene disulfonate, followed by ethanol precipitation (3). RNAs were purified further by centrifugation through a linear 15-30% sucrose gradient in sodium acetate buffer pH 6. 0, and material from the heaviest peak was recovered by ethanol precipitation (4) . Viral RNA concentrations were estimated by spectrophotometry, using an extinction coefficient of 25 OD units for 1 mg/ml at 260 nm in a 1 cm cuvette. The quality of the viral RNAs thus obtained was ascertained by electrophoresis in polyacrylamide gels (5) . Synthesis of cDNA on TYMV-RNA Template Reverse transcriptase purified from AMV was a kind gift from Dr. J. W. Beard (Duke University, USA). The DNA hydrolysate used as primer was prepared as described by Taylor (1) . The standard polymerase reaction (total volume 0.2 ml) contained 1 mCi of lyophilized 3 H-TTP (50 Ci/mmol), 10 ul of reverse transcriptase (4696 U:ml), 30 ul of primer DNA (6 mg/ml), 6 pi of TYMV-RNA (1 mg/ml) as template, 20 ul actinomycin D (1 mg/ml), 10 pi bovine albumin (fraction V, 10 mg/ml); and the following components (in micromoles) : Tris-HCl (pH 8. The reaction in 0.2 ml was stopped by addition of 100 pi of 10% Sodium dodecyl sulfate (SDS), 800 pi TNE buffer (0.01 M Tris pH 8.3, 0.15 M NaCl, 0.001 M EDTA), and 1 ml of a mixture of phenol, chloroform, and isoamyl alcohol (ratio 10:9:1). After deproteinization, the nucleic acids were purified by chromatography on G50 Sephadexin TNE containing 0.1% SDS. Fractions were collected and counted for radioactivity. Radioactive fractions were pooled .brought to 0.35 M NaCl and 30 pl/ml of Escherichia coli carrier RNA; the nucleic acids were precipitated at -20°C after addition of 2 volumes of ethanol. After centrifugation for 1. 0 hour at 16, 000 g, the pellets were resuspended and material was incubated for 16.0 hours at 37°C in 0.4 M NaOH, and then neutralized with HC1 in the presence of 0. 03 M Tris-HCl buffer, pH q 8.3. The H-cDNA product was self-annealed in 0.4 M NaPB (NaH 2 PO 4 adjusted to pH 6. 8 with NaOH) containing 0. 05% SDS and 10 ug/ml of poly rA (Collaborative Research, Inc.; S 20 :5. 4; MW 100, 000). After incubation for 24. 0 hours at 68°C, the single-stranded DNA was purified by hydroxyapatite chromatography (6) . It represented 80% of total cDNA. Less than 2% of the single-stranded . The contents of the capillary tubes were transferred in 2 ml of 2 x SSC (SSC = 0.15 M NaCl, 0. 015 M sodium citrate) and divided in two parts. One aliquot was treated with a mixture of RNase A plus T.^ (final concentration of 5 jig/ml and 1. 5^ig/ml, respectively), and both tubes were incubated at 37°C for 30 min. The samples were chilled for 10 min, adjusted to 10% trichloracetic acid (TCA) and kept on ice for 30 min. The acid-insoluble material was collected on 0.45 jim nitrocellulose filters, and the radioactivity of the filters was measured either by gamma counting of 1**>1 or by scintillation counting of beta activities ( 125 Iand 3 H). (10) . Crt values were corrected to 0.12 M NaPB (11) . The level of hybrid formation was estimated by S-^ nuclease digestion (12) . Each sample (30 ul) was diluted with 2 ml of cold S± nuclease buffer (63 mM sodium acetate pH 4 . 4 , 125 mM NaCl, 0. 25 mM ZnSO 4 , 12. 5 ug/ml salmon sperm DNA). Each sample was divided in half and 10 ul (200 units) of S^ nuclease (Sigma) were added to one aliquot. Both aliquots were incubated at 45°C for 1. 0 hour, after which one volume of cold TCA mix (100% TCA, saturated sodium pyrophosphate, saturated sodium monophosphate, 1:1:1) was added in presence of 8S yeast RNA as carrier (30 ug/ml). Thermal Stability of cDNA. RNA Hybrids After hybridization, the material from a capillary tube (30 ul) was diluted with 600 jul of distilled water and applied to a 1 ml column packed hydroxyapatite maintained at 60 °C in 0. 012 M NaPB pH 6. 8. After rinsing 4 times the sample with 3 ml of 0. 012 M NaPB, stepwize elution of the single-stranded nucleic acids was performed in 0.12 M NaPB at increasing temperatures (60, 65, 70, 75, 80, 85, 90, 95, and 99°C). At each temperature, the column was washed twice with 4 ml of 0.12 M NaPB. The thermal dissociation of the H-cDNA. RNA hybrids was measured by determining the TCA-precipitable radioactivity of the effluent fractions.
RESULTS

Sedimentation and Hybridization Properties of cDNA
At least 95% of the purified single-stranded TYMV-cDNA showed a sedimentation coefficient of 2 to 4 S. In order to test the specificity of DNA. RNA hybridization, cDNA was incubated for 24. 0 hours at 68°C in the presence of a large excess (Crt = 49) of either homologous (template) TYMV-RNA, or of heterologous RNA prepared from APLV, EMV, E. coli or yeast. The level of hybridization was estimated by measuring the resistance of the radioactive product to Si nuclease. Purified •%-labeled cDNA (which was almost completely sensitive to S^ nuclease, when incubated in the absence of RNA) hybridized almost entirely with (template) TYMV-RNA, but not with E. coli or yeast RNA. When cDNA was incubated in the presence of APLV-RNA or EMV-RNA, both purified by sucrose gradient fractionation, hybridization above the level of E. coli RNA was less than 5% ( Table 1 ).
Hybridization of Purified
3 H-labeled cDNA to 125 I-labeled TYMV-RNA The representativity of TYMV-cDNA, relative to TYMV-RNA template, was evaluated by hybridization experiments between a fixed quantity of 125i_iabeled TYMV-RNA (98% sensitive to RNase) and increasing amounts of cDNA. As shown in Fig. 1 at a DNA : RNA molar ratio of 1, radioactivity of I-RNA was 81% protec- Figure 2 shows that TYMV-RNA hybridized to cDNA with Crt 1/2 value of 2. 7 x 10 ~2, while E. coli RNA did not hybridize significantly even at a Crt value of 1 x 10 3 (not shown). This Crt 1/2 value is compatible with the base sequence complexity of template RNA (2-2.3 x 10 daltons), as can be estimated from standard reactions run in parallel and using either globin mRNA-cDNA or mouse mammary tumor virus RNA-cDNA.
The homologous cDNA. RNA hybrids formed at a Crt value of 0. 5 x 10 were analysed for thermal stability by hydroxyapatite chromatography as. described in Materials and Methods. As shown in Fig. 3 , the thermal denaturation curve presented a sharp transition with a high (83°C) Tm value, which is indicative of wellmatched hybrids. Calf-thymus double-stranded DNA was used as "internal standard" and gave a Tm of 85°C.
DISCUSSION
The purified single-stranded cDNA product obtained by reverse transcription of TYMV-RNA, while consisting of small pieces of DNA (sedimentation coefficient : 2-4 S), was representative of the entire template RNA, since it protected 81% of iodinated TYMV-RNA at a cDNA:RNA molar ratio of 1, and 100% at a cDNA:RNA molar ratio of 3. We can conclude that all nucleotide sequences of template RNA have been transcribed in our system. Only a relatively small proportion (less than 20%) of the RNA sequences are less represented. Furthermore, the purified labeled single-stranded DNA transcripts exhibited specific annealing (based on resistance to S\ nuclease) to template RNA, or to other TYMV-RNA preparations, while no Si nuclease resistance was observed after incubation of cDNA with E. coli RNA or yeast RNA, (Table 1 ; Fig. 2 ). Table 1 also shows less than 5% specific hybridization between TYMV-cDNA and the RNA of two other tymoviruses (APLV or EMV). These results are consistent with those obtained with other techniques, namely hybridization between iodinated single-stranded viral RNAs and unlabeled double-stranded RNAs from infected plants (9) , or between double-stranded viral RNAs labeled in vitro by viral RNA polymerases and single-stranded genomic RNAs (13). Angarita (14) applied the technique described here to transcribe cDNA from APLV-RNA, and showed extensive hybridization between this cDNA and homologous APLV-RNA, but little hybridization to either TYMV-RNA or EMV-RNA.
Using oligo-dG 6 as primer of reverse transcription, and TYMV-RNA preparations (obtained by treatment of TYMV with proteinase K) as template, Demeure et al. (4) synthesized a cDNA product which annealed extensively (90%) to TYMV-RNA, but also to APLV-RNA (75%) or EMV-RNA (90%) preparations. The discrepancies between these results and our present data may reflect a different representativity of TYMV-RNA for the cDNAs obtained with different techniques.
Hybridization of RNA with cDNA probes obtained by reverse transcription, has been used to compare the various RNA pieces of cucumber mosaic virus (CMV) genome (15), and to characterize the possible relationship between genomic CMV-RNA and the satellite RNA associated with some CMV strains (16) .
In the present paper, we have extended the use of cDNA probes to compare the genomes of three different tymoviruses. With this technique , we have found less than 5% homology between TYMV-RNA and the RNAs of APLV or EMV, respectively. The lack of hybridizable nucleotide sequences between individual members of a plant virus group has also been observed for tobacco mosaic virus strains, using the technique of RNA.RNA hybridization (17, 18) . 
